melted film during this slip 12 . What is lacking so far is that one cannot directly observe shear melting in surface force measurements. Recent simulation studies showed that in some cases shear within the film or at the film/wall interface is one possible scenario of the stick-slip friction 13, 14 . Here we use liquid-vapor molecular dynamics (LVMD) simulations 15, 16 to show that shear melting is not necessarily a pathway for the energy dissipation during the slip. Instead, boundary slips at the wall-fluid interfaces and interlayer slips within the film are the ways of energy dissipation. We find that during the slip, the crystalline structure of the solidified film can be well maintained. Shear melting, if it occurs, would involve large energy penalty to disrupt the crystalline structure of the solidified film.
In the LVMD simulation, a simple driving spring model is used to simulate normal compression and sliding friction. A liquid film of argon containing 4319 argon molecules is confined between two solid walls (see Fig. 1A ). Simulation box lengths along the lateral x-and y-directions are 76.59 and 3.71 nm, respectively. Periodic boundary conditions are applied in the lateral directions. The film geometry is invariant in the y-direction. Two side vapor phases surround the central liquid film. Under compression, the liquid film can be freely squeezed out along the x-direction, making the lateral pressure negligibly low (comparable to the ambient condition) due to the existence of the vapor phase 16 . In such a way, scaling particle coordinates to control the lateral pressure becomes unnecessary 15 . With this new simulation method, our recent simulation studies 16 reproduced many features of the highly asymmetric force oscillation profiles in surface force experiments 4, 5, 17, 18 . The Lennard-Jones (LJ) atomic potential (ε = 0.24 kcal/mol and σ = 0.34 nm) 19 is used for the argon-argon interaction. Each confining wall is composed of a central wall and two side walls. The main interest here is the interaction between the central wall and argon film. We assume that they have the same interaction strength as the argon-argon interaction, i.e., ε wall-fluid =ε. showed that when the wall and fluid molecules have different atomic radii, similar force oscillation and phase transition behaviors were also observed 16 .
In this Letter, we focus on the stick-slip friction and energy dissipation mechanism of a simple argon film confined between two fcc crystal walls. Following the liquid-to-solid phase transition of an argon film at n = 7 layer 16 , we continue to compress the normal spring to squeeze the film to n = 4 (D = 1.52 nm), which is a more compact solidified film (see Fig. 1B ) 16 . This is the typical number of monolayers for the study of stick-slip energy dissipation in the surface force experiment 12 . Sliding friction simulation is performed by pulling the top wall with the lateral spring along the negative y-direction while holding the normal spring stationary at the compressive state (Fig. 1A) . We find that the normal spring force L fluctuates around 7.45 nN during sliding. The Nosé-Hoover thermostat is used to control the temperature of the argon film at 85K. Since the sliding velocity of the upper wall is very small (see below), the dynamic behavior of the system will not be affected by the thermostat 22 . In simulations, only the forces acting on the discrete atoms of the top central wall are counted towards the total normal and lateral forces. This can effectively reduce the meniscus effect when the argon film is squeezed out substantially. The normal and lateral spring constants (k z and k y ) are taken as 150 and 15 N/m, respectively. A softer lateral spring (k y = 15 N/m) used in sliding direction will provide a higher force resolution 16 . Figure 2A shows the stick-slip friction force versus the pulling distance of the spring at a driving velocity v = 0.01 m/s. Experiments and simulations 7, 23 showed that the stick-slip behavior occurs when the sliding velocity is below a critical value v c. This As the tension in the spring increases, the static friction force rises. When the maximum static friction force (the yield point) of the film is exceeded, we observe the shear behavior of the confined film which is dramatically different from the earlier studies 9, 10 . We find that instead of the shear melting of the film, the solidified film is well maintained during the slip, which undergoes boundary slips at the wall-film interface and interlayer slips within the film. These can be clearly seen in Fig Both interlayer slips and wall slips are seen in the subsequent stick-slip motions. These slips result in sharp drops in spring forces (see Fig. 2A ), from which a new stick-slip cycle begins. We find that the slip usually completes within ~ 20 ps, with a slip jump around 1 -3 Å.
We now consider the energy dissipation during a typical stick-slip motion of the top wall (c-d-e-f-g in Fig. 2A ). Accompanying the increasing of the static friction force, the slow ramp up of the displacement during the stick (Fig. 2B) corresponds to a gradual increasing of the potential energy in the solidified film. The total external work W ext done by the driving spring (Fig. 1) to the molecular system is equal to the enclosed area c-d-e
in Fig. 2A, giving Fig.2B) during the stick 24 , or by the direct MD calculation of the potential energy increase of the solidified film. This potential energy stored in the solidified film takes about 30% of the total energy.
The key question is how the two energy components discussed above are dissipated during the slip. Figure 4A shows the variations of the friction force and the wall displacement versus time in a single slip event (d-e-f in Fig. 2A ). The two curves show that energy dissipation proceeds in two stages: the friction dissipation during the slip and the residual momentum loss of the top wall in the remaining ringing vibrations.
These two processes are remarkably similar to those in the surface force measurement and phenomenological analyses 12 . In order to give a quantitative analysis we consider the slip dynamics of the top wall. Figure 4B However, the variation of the potential energy term ∆E p in the solidified film, which cannot be included in the above dynamic equation, is seen in the inset of Fig. 4A .
Simulation shows that the potential energy stored in the solidified film begins to release right after the slip and proceeds over a few ns. This decay in potential energy by ~ 2.3 nN·Å compensates the one accumulated in the film during the stick.
We conclude that friction dissipation during a stick-slip cycle in boundary lubrication is the one where, during the stick, the total external work done by the driving block is transmitted to the elastic energy stored in the driving spring and the potential energy stored in the solidified film. The former takes about 70% of the total energy.
During the slip, more than 90% of the elastic energy in spring, or 60% of the total energy is dissipated as friction heating by interlayer slips and wall slips. The remaining 40% of the total energy is dissipated as the potential energy release in the solidified film and the momentum loss of the top wall during the subsequent mechanical oscillations prior to the instant of new stick. This part of energy dissipation takes a fairly large portion of the total energy for the present molecular system, compared to the estimate from the surface force balance experiment 12 .
For the current molecular system we have also investigated the effect of normal force and sliding direction on the stick-slip phenomenon. Simulation results showed that all these factors do not change the stick-slip behavior. Further, shear dilation during the slip 13 was not observed. An open question concerns how the elastic shear waves of confining walls affects the critical velocity of stick-slip friction 24, 27 and how the elastic deformations of mica and realistic organic model lubricants, such as OMCTS, contribute to the increase of potential during the friction (the present study only focuses on singleatom molecules). These questions will be explored in future studies. We point out that the nm length scale of the confined material and ns timescale of the stick-slip event observed in MD simulation are quite short compared with SFA experiments, which are in a few tens of μm length scale and in a few seconds timescale. However, the physics observed in MD simulation and in SFA experiments should be the same. The elegance of the small quantity of the material studied in MD simulation is its fast relaxation towards equilibrium, allowing the complicated dynamic phenomenon to proceed in a much shorter time. 
